In this paper, an aggregate system level modeling and analysis framework is proposed to facilitate the integration and design of advanced life support systems (ALSS). As in process design, the goal is to choose values for the degrees of freedom that achieve the best overall ALSS behavior without violating any system constraints. At the most fundamental level, this effort will identify the constraints and degrees of freedom associated with each subsystem and provide estimates of the system behavior and interactions involved in ALSS. This work is intended to be a starting point for developing insights into ALSS from a systems engineering point of view. At this level, simple aggregate static input/output mapping subsystem models from existing data and the NASA ALS BVAD document are used to debug the model and demonstrate feasibility.
INTRODUCTION
In this work, 0 th order aggregate system level interactions are modeled at steady-state. Herein, 0 th order is used in the sense of a starting point which captures a minimal set of components of an ALSS and its interfaces. It does not suggest any other meaning or properties of the study presented as it may imply in certain disciplines. The system is assumed to be a closed one, only allowing O 2 , CO 2 , H 2 O and food input (re-supplies) through the corresponding buffers noting that other logistics support such as spare parts can also be a significant concern which will be addressed in the future as the new versions of the model are evolved incrementally by adding more detail. The interactions of four subsystems (Cabin Atmosphere, Biomass Production, Food Processing, Waste Treatment) with each other and with the crew interface are modeled using overall and component mass balances. All of the subsystems are assumed to have dedicated closed compartments with a local control mechanism that enables interactions with the buffers and other subsystems ( Figure 1 ). Because of this assumption, the traditional subsystem definitions used in ALS community and documents such as BVAD (Hanford, 2002) are not used to avoid confusion.
In the last two decades a lot of work has been done to model and analyze system wide interactions within an ALS system. The works presented in the literature can be grouped into three major categories. First group of studies concentrate on mass balance studies (Volk and Rummel, 1987; Drysdale, 1992; Drysdale et al., 1994a; Drysdale et al., 1994b; Drysdale, 1997a; Drysdale, 1997b; Finn, 1998; McGlothlin et al., 1999; Baro et al., 1999) . Usually early studies fall into this category. Second group of studies focus on analyzing the effects of subsystem properties on the overall ALS system (Drysdale, 1995 Drysdale and Maxwell, 2002) . These works usually quantify the system wide effect using equivalent system mass. Finally, the last group of studies consists of the top level models (Fleisher et al., 1999; Rodriguez et al., 1999; Goudarzia and Ting, 1999; Hsiang et al., 2000) . In these works, the models try to capture the dynamics of each subsystem. Thus, by combining these top level models the dynamics of the complete ALS system can be captured and the interactions that may lead to offnominal conditions may be analyzed. In all of these studies, simulation based what-if analysis is used. In other words, the systems and/or subsystems are defined completely based on a mission scenario without leaving out any degrees of freedom. This also requires technologies to be specified in order to be able to complete the study.
In this paper, another approach is introduced. In stead of fully describing the system, the component and overall mass balances are written for each subsystem of the entire aggregate system depicted in Figure 1 . These equations follow from conservation of mass principle and there is no need to assume any technology at the aggregate level if efficiencies of the resource recovery processes are defined as parameters to the model. Then the model can track the amounts of recycled resources within the system. Recall that the focus of this study is to develop a steady state aggregate level model for design purpose. Hence, a technology independent model is very valuable when combined with parametric sensitivity analysis. Parametric sensitivity analysis may be used to determine the design requirements for the subsystems. Finally, the system is not forced to be fully defined in the approach presented in this work. Instead, degrees of freedom are incorporated into an objective function to determine optimal values based on performance criteria such as cost or preference factor, which may be used to encode a certain mission scenario when cost can not be estimated accurately. Thus, the model is a linear programming formulation. directly on the objective function coefficients, i.e. costs or performance factors. Parametric analysis is not required in this case. The solution can be used to identify how the solution will change if a certain coefficient value is changed. Such information is very valuable when estimating the impact of a candidate technology on the total ALS system for a given mission.
Here the technology dependent change to the model is the corresponding cost coefficient in the objective function which is a parameter to the model.
In this work, the overall system is broken into two major cycles: a carbon cycle and a water cycle. Carbon is viewed as the transport vehicle for energy. In other words, it constitutes a temporary storage and transformation mechanism for energy. Plants convert light energy into chemical energy by fixing the carbon within CO 2 to edible food. Humans (crew members) release the carbon back to the system as CO 2 through the metabolic oxidation of digested edible food, thus, providing the necessary energy for survival and daily activities. The carbon which cannot be recycled by human metabolism is reclaimed through the waste processing using chemical or biological oxidation processes. This completes one loop of the carbon cycle. O 2 consumed by humans and produced by crops are dependent on the carbon cycle. The water cycle however is dominated by utility water, which does not contribute to the carbon cycle, e.g. hygiene water.
In this work, the 0 th order aggregate system level model is intended to provide a basis and formalism for building more accurate models of ALSS. However, even at this relatively simple level, the mass balances and stoichiometric relations enable system wide technology independent system analysis. The simplified model is described in the next section. It is then used to answer basic questions and their expected impact for different mission scenarios in the proof of concept studies section for demonstration and qualitative validation purposes. Finally, concluding remarks are provided regarding the proposed model and possible future directions are explored. Figure 1 presents the 0 th order aggregate system level interactions. The model consists of interactions among the 4 subsystems, i.e. cabin atmosphere, biomass production, food processing and waste treatment, and with the crew interface. There are 5 buffers, i.e. O 2 , CO 2 , H 2 O, Food and Waste, which are used as storages. Each supply is introduced to the system through its corresponding buffer. In Figure 1 , boxes represent the subsystems, whereas ellipses stand for the buffers. Entities are specific collections of components and are the ones that are transferred between subsystems, crew interface and/or buffers and hence can be viewed as streams. Table 1 gives a complete list of entities with the corresponding color that is used to identify them in Figure 1 . Each arrow corresponds to the direction of the flow of an entity between the subsystems, crew interface and/or buffers. Supplies are represented with streams which do not originate from any subsystem or buffer.
MODEL DESCRIPTION

CABIN ATMOSPHERE
The cabin atmosphere is maintained at its nominal conditions by local controllers assuming perfect mixing within the cabin atmosphere. Therefore, the flow of O 2 , H 2 O and CO 2 between the crew interface and the corresponding buffers are instantaneous and at steady state.
BIOMASS PRODUCTION
Biomass production delivers all or part of the dietary needs as raw agricultural products to the food processing subsystem. H 2 O and CO 2 necessary for crop growth are provided from corresponding buffers to the biomass production compartment. Similarly, O 2 released as a result of photosynthesis is scrubbed out of the biomass production compartment. Again the biomass production compartment is kept in specific growth conditions by the local controls. This assumption may have significant cost implications but the benefits gained, such as fine control and redundancy, may justify this cost especially in the environments where the volume is constrained.
In biomass production, the concept of a "hypothetical crop" is used. A hypothetical crop, whose properties, e.g. edible biomass ratio, are determined from the diet mix, is grown in the biomass production subsystem instead of individual ALS crops. In other words, when the hypothetical crop is grown the associated biomass is composed of the corresponding crops in the same proportion specified by the diet. Edible and non-edible productivities and water uptake/transpiration rate of the hypothetical crop are calculated depending on the composition of the diet. Water content, carbon content and cycle time (harvest time) of the hypothetical crop are estimated by taking the weighted average of the corresponding crops' properties. The following simple example demonstrates how the hypothetical crop properties are estimated. Consider a diet, which requires the production of 100 g edible mass (EM) of crop B, 300 g (EM) of crop C and 600 g (EM) of crop D per day. Therefore, hypothetical crop A that would be produced for preparing this diet should contain 10 % crop B, 30 % crop C and 60 % crop D. Let us assume that the productivities, water uptake (transpiration), water and carbon contents and the cycle times of the crops are given as in These values can be used for calculating the crop growth area, daily water circulation through the biomass production, and CO 2 consumption with the biomass production system. The hypothetical crop properties for the complete ALS diet are calculated similarly in the proof of concept studies.
The molar amount of O 2 produced by the crop is assumed to be equal to the molar amount of the CO 2 consumed by it using stoichiometric proportions in the photosynthesis reaction, and assuming that the net CO 2 produced and O 2 consumed by the crop in the dark period are equal to zero. The minerals supplied through the nutrient solution to the crops are ignored in the current state of the model.
FOOD PROCESSING
Raw agricultural products (a hypothetical raw crop for our model) are transformed into a ready-to-eat form in the food processing subsystem. The raw food received from biomass production is separated into the edible and non-edible portions. The meal is prepared from the edible part of the raw food and any supplied food coming from the food buffer. The meal, which also consists of drinking water, contains everything a crew member consumes for a day. It is assumed that all edible food is processed in the meal preparation. Therefore edible food is not wasted during preparation. Only non-edible food is transferred to the waste treatment. Water necessary for cleaning and sanitizing the food is ignored in the current study but can be easily incorporated.
WASTE TREATMENT
The waste treatment subsystem is responsible for collecting and processing the waste produced throughout the habitat. The waste transferred from the crew interface (the metabolic waste and the hygiene water) and the food processing subsystem (DNEM) are recycled with pre-assigned efficiencies. Note that these efficiency values are model parameter values rather than model assumptions. The associated model assumption is representing the characteristics of the waste recovery subsystem with three different recovery efficiency coefficients. DNEM and DSW are converted to CO 2 and H 2 O with adjustable efficiencies. As a result, the resources are recovered back from waste in a pure form with the appropriate efficiencies given. The materials not recovered become the waste and are collected in the waste buffer. The total amount of resupplied materials to the habitat should be at least equal to the amount of this waste noting that this model is steady state model and therefore it assumes no initial supplies. In the dynamic models the initial supply will definitely make this observation invalid.
HUMAN
The crew (human) interface interacts with the cabin atmosphere, food processing and waste treatment subsystems. Crew members are the consumers of the life support commodities and are the primary waste producers. In the model, crew members are assumed to be at steady state, which means that they do not lose or gain weight. Therefore, the carbon that is taken by any crew member is either converted to CO 2 and returned to the cabin atmosphere or discarded within the DSW.
CONSTRAINTS
All of the subsystems are assumed to be at steady state. Consequently, accumulations are only allowed at the buffers. The mass balance and stoichiometric relations along with the crew's daily dietary need and CO 2 production defined a system with 45 variables and 35 equations, which leaves 10 degrees of freedom. These 10 degrees of freedom are: four re-supply terms for O 2 , CO 2 , H 2 O and food, crop growth area, and five accumulation (buffer) terms for O 2 , CO 2 , H 2 O, waste and food. Since the scope of this work is limited to steady state aggregate level system wide mass balance, the model presented here is for design purposes. However, an operational version of this model may easily be derived in which case these degrees of freedom may have upper and lower bounds implied by the design. Without any doubt, such a model should capture dynamics of the system and should have the time component.
Flow of each entity between subsystems, crew interface and/or buffers, re-supplies and accumulation terms (which are allowed only at buffers) are the variables in the model. Applying total (overall) mass balances on each subsystem, on each buffer and on the crew interface provides 9 equations. The total (overall) mass balance can be characterized by:
Total Mass of Inputs-Total Mass of Outputs = Accumulation
Accumulation is equal to zero except for balances done on the buffers. Also component mass balances are written for each subsystem and crew interface. They include: the H 2 O and CO 2 balances for cabin atmosphere, the H 2 O balances for biomass production, crew interface and waste treatment, and finally, the edible biomass balance on food production. These component mass balances defined 6 constraints to our system.
In order to keep track of carbon cycle, carbon balances are written for important entities at crew interface and subsystems. Specifically, the carbon content of the diet, the carbon balance for crew member (human) and the carbon balance in waste treatment (for oxidation) introduce 3 additional equality constraints.
Five more equality constraints are given by utilizing the data given in BVAD, 2002. They are: Human CO 2 production, 0.998 kg/CM-day; Human hygiene water consumption, 25.56 kg/Cm-day; The rate of human respiration and perspiration, 2.227 kg/CM-day; The properties of the diet, e.g. carbon content, 0.43 kg/CMday; and water content, 3.21 kg/CM-day. Once again, these values are averages which are satisfactory for this steady state analysis. However, as it can be noticed these properties are left as variables in the model and set to their corresponding values through equalities. Therefore, these values should be seen as parameters to the model and should not be interpreted as model assumptions. The model assumption governing this issue is the steady state assumption, i.e. metabolic rate and growth rate of the hypothetical crop are constant. This distinction is the key in introducing the time component into this model in the future studies.
Stoichiometric relations that relate O 2 to CO 2 in the human metabolism (the metabolic oxidation reaction) and in the photosynthesis reaction within the plants introduce 2 more equality constraints.
Mathematical
representation of the following assumptions: edible food is not recycled and is not wasted in food production, O 2 is not consumed in biomass production system, and CO 2 is not produced by crops in biomass production, yield 3 more equality constraints.
In this study, biomass production is limited to a vegetarian diet. The biomass production subsystem can be expanded to include non-vegetarian components that may consume oxygen and produce carbon dioxide such as fish. This option is not considered in this paper.
Three more constraints are defined by the properties of the hypothetical crop, i.e. the ratio between the nonedible biomass (NEM) and the total crop mass, the NEM productivity and the crop transpiration rate.
Human metabolic waste composition, human metabolic H 2 O balance, and H 2 O composition in the diet provide 3 additional constraints. The last constraint comes from the O 2 balance for the waste treatment.
As stated above, the system has 10 degrees of freedom. Optimization can be used to provide design guidelines as well as investigate performance sensitivities with respect to these degrees of freedom. In this study, a linear preference function is used instead of cost function as objective function in optimization. The preference function is defined over the supply and accumulation terms as well as the crop growth area. The objective is to minimize this total preference function. The preference factors are used to reflect the relative preferences based on different mission scenarios. For example, re-supplying CO 2 is preferred over re-supplying edible food for a Mars mission because of in situ resources. The accumulation terms are penalized with appropriate preference factors in the objective function to eliminate solutions that favor high accumulation. The preference factors are used to encode the mission scenario at a given model instance and should again be considered as parameters to the model and the values assumed for those parameters should be reviewed within the context of the model instance.
PROOF OF CONCEPT STUDIES
The system model described in the previous section together with the objective function and the constraints constitute a linear programming formulation. The purpose of the studies presented in this section is to demonstrate the ability to represent different mission scenarios. This can be achieved by manipulating the preference factors in the objective function. The effects of various waste treatment efficiencies on the overall system response are also studied to show that the model behaves intuitively, i.e. as the efficiency increases the re-supply decreases. This type of analysis is also referred as parametric sensitivity analysis.
The results presented in this work should not be used in quantitative decision-making because preference factor values used may not reflect the correct proportion faced in reality. However, it provides a mechanism and framework to do first cut qualitative and informative analysis of an ALSS for different mission scenarios. Table 3 gives the results of the solution obtained from minimizing an objective function with equal preference factors for re-supplying edible food and oxygen. This scenario can be used to represent the International Space Station (ISS) mission. The preference factor of each re-supply is set to 1, whereas the accumulation terms are panelized with 10 to discourage accumulation as described in the previous section. All the waste treatment efficiencies are arbitrarily set to 0.9 during the analysis.
EQUAL PREFERENCE FACTORS SCENARIO
As shown in Table 3 , given that the crop production is not preferred over food re-supply, i.e. they have same preference factor in this scenario, the crop production is depressed and all the food necessary to feed the crew is provided via re-supply. Only CO 2 accumulates, since carbon is introduced to the system via edible food resupply. Human converts the carbon supplied through this edible food re-supply to CO 2 . The produced CO 2 cannot be converted to O 2 since there is no crop growth. Similarly, all O 2 required for the humans and for the waste treatment subsystem must be supplied. Note that in the current model no physical-chemical technology, such as the Sabatier process, is assumed. At a first glance this assumption may be interpreted far too important and the model may be discredited. However, this model may be used to justify the value of adding physical-chemical subsystem to convert carbon dioxide to oxygen (e.g. Sabatier process). This can be achieved by using the carbon dioxide accumulation and oxygen re-supply values that the model predicts to determine the load of such a subsystem. H 2 O that cannot be recovered in the waste treatment subsystem should also be re-supplied to the system. The results indicate that the model is consistent and the results obtained are reasonable within the assumptions made. Table 4 summarizes the results obtained for the Mars environment scenario. The atmosphere of Mars contains mostly CO 2 and this reduces the cost of re-supplying CO 2 relative to the other supplies. Additionally, it is assumed that water exists on Mars and it can be obtained. However, it is very costly to supply food and O 2 from Earth to Mars. These assumptions can be incorporated into the preference function by properly selecting the factors. For example, the preference factor of food and O 2 re-supplies are assumed as 100, whereas the rest of the re-supply preference factors are set to 1. The accumulation preference factors are kept the same at 10 to prevent excess accumulation. In this scenario, all the food necessary for the preparation of the diet is provided from the crops grown on site. The amount of edible food grown is 1.00 kg/CMday. Recall that the edible food re-supply for the previous scenario was 1.58 kg/CM-day. This difference arises from the difference in carbon contents of the supplied food and the edible biomass of the diet composition. The re-supplied food properties used in this study come from BVAD as the rest of the crop properties. The associated crop growth area is 65. Only O 2 accumulates in the system due to the excess O 2 produced by the crops. Note that the system is driven by the dietary requirements of the crew members and it yields lower preference function value to produce excess oxygen and store it than to re-supply some portion of the dietary needs due to relative preference factors. The model can represent the conditions, where any material is vented instead of storing it, simply by setting the preference factor of the associated buffer to zero. In this case the solutions will favor storing that material regardless of the loads of other materials. Figure 2 shows the changes in the amounts of CO 2 reclaimed at the waste treatment, O 2 intake to the waste treatment, waste accumulation, CO 2 re-supply and O 2 accumulation within the buffer as the efficiency of DNEM oxidation varies. The effects of DSW oxidation on the same variables are depicted in Figure 3 . In both figures the mass unit is kg/CM-day. Notice that these figures present the outputs obtained by four different instances of the model generated by changing the DNEM efficiency while keeping the rest of the model parameters same. As can be noted from the figures, changes in both of the efficiencies show similar effects on the variables which are intuitive, i.e. as the closure increases the re-supply and accumulation decreases. However, since the amount of DSW produced is less than DNEM, the change in the efficiency of DSW oxidation has less impact on the system.
MARS ENVIRONMENT SCENARIO
As expected, by increasing the DSW oxidation efficiency, the O 2 intake and CO 2 reclaim (since more CO 2 is produced) inside the waste treatment facility are increased. As the waste treatment efficiency increases, the total amount of waste accumulation (waste) decreases. The amount of CO 2 that should be supplied to the system decreases with increasing oxidation efficiency, as the amount of carbon that completes the cycle increases. Note that these studies presented here do not assume any technology associated with them. would its impact on the overall system be? Finally, as the efficiency increases, the amount of O 2 accumulating in the system decreases as a result of the consumption of O 2 in the recovery. Figure 4 represents changes in the amounts of H 2 O (in kg/CM-day) recovered in the waste treatment, accumulation at the waste and H 2 O re-supply to the system as the water recovery efficiency changes. Since the amount of water entering the waste treatment is higher than any other type of waste that is handled, the effect of water recovery efficiency is more severe than the effect of the other efficiencies. Even though the waste treatment is represented as a single subsystem in Figure 1 , the recovery efficiency of water, carbon from DNEM and carbon from DSW are different model parameters. As the water recovery efficiency decreases, amount of water supply reaches 13.5 kg/CM-day. This is nearly the half of the water that is consumed by a crew member. With the increase in the water recovery efficiency, the amount of waste decreases tremendously.
Effect of Water Recovery Efficiency in Mars Scenario
This analysis also suggests that the return on investment in increasing the efficiency of water recovery technologies is higher than other recovery technologies, i.e. carbon reclamation, especially when the in-situ resources are limited or scarce. Given that the parameter values used in this analysis do not represent the current state of the technology, it is comforting to see that the model suggests acceptable and intuitive trends.
LUNAR ENVIRONMENT SCENARIO
Results obtained for the Lunar mission scenario are given in Table 5 . Since there is no atmosphere on the Moon, the preference factor for CO 2 and O 2 re-supplies are set higher relative to the preference factor of other re-supplies because of the need for more complex resupply structures relative to the other re-supplies. Therefore, in this instance food re-supply is favored compared to the CO 2 and O 2 re-supplies. In other words, it is assumed that it is possible to carry as much food as necessary to the moon. Therefore, CO 2 and O 2 supply preference factors are taken as 100, whereas the rest are set to 1. As always, the accumulation preference factors are kept at 10 to prevent excess accumulation. Note that there is no supporting basis to suggest the values used for preference factors except to impose desired preferences for this scenario. The amount of water that is lost during the recovery process due to inefficiency should be supplied to the system. This makes 3.62 kg/CM-day for this scenario. Nothing accumulates in the system except for waste, since necessary CO 2 and O 2 are balanced within the system and the additional carbon requirements are supplied via food re-supply and not from CO 2 .
Effect of DNEM and DSW Oxidation Efficiencies in Lunar Scenario Again, as described in the Mars Environment scenario, it is possible to perform parametric sensitivity analysis for the recovery efficiencies. The effect of DNEM and DSW oxidation efficiencies on the edible food production, the amount of CO 2 reclaimed at the waste treatment, O 2 intake at the waste treatment, the amounts of H 2 O and edible food re-supplies are given in Figure 5 and Figure  6 , respectively. Again the mass is reported in kg/CMday. Since both of the efficiencies are related to the carbon cycle, converting the carbon content of nonedible food and DSW into CO 2 via oxidation, the effects of them on the respective variables are identical and intuitive qualitatively. However, the changes are more noticeable for DNEM oxidation efficiency due to the higher amounts of DNEM than DSW.
As can be seen from Figure 5 and Figure 6 , while the oxidation efficiencies increase, the edible food production increases. Consequently, the edible food resupply decreases. Since the O 2 and CO 2 re-supplies are not preferred for this scenario, the system searches for a solution that minimizes the amounts of O 2 and CO 2 resupplies. As the oxidation efficiencies decrease, the amount of carbon that completes its cycle decreases and an additional source of carbon is required. Necessary carbon is supplied via edible food re-supply since it is preferred to CO 2 supply. The amount of O 2 intake at the waste treatment and amount of CO 2 reclaimed at the waste treatment increase (as expected) with increasing efficiencies. The amount of water supply increases with increasing oxidation efficiencies due to the increase in the edible food production.
Effect of Water Recovery Efficiency in Lunar Scenario
In Figure 7 , changes in the amounts of H 2 O reclaimed at the waste treatment, accumulation at waste buffer and H 2 O re-supply (in kg/CM-day) versus the change in water recovery efficiency are shown. The effect of water recovery efficiency in the Lunar scenario is not different from that in the Mars scenario. Similarly, the amount of water entering the waste treatment is higher than any other type of waste that is handled and the effect of water recovery efficiency is more severe than the effect of others, i.e. carbon, recovery efficiencies. As the water recovery efficiency decreases amount of H 2 O resupplied reaches to 13.3 kg/CM-day. This is nearly the half of the water that is consumed by a crew member. With the increase in the water recovery efficiency, the amount of waste decreases tremendously.
CONCLUSION
In this paper, 0 th order aggregate system level interactions are modeled defining the interactions between 4 subsystems (Cabin Atmosphere, Biomass Production, Food Processing and Waste Treatment), Crew Interface and/or 5 buffers (O 2 , H 2 O, CO 2 , Food, Waste). The interactions between these are carried out on entities, which are composed of components.
The modeling of the system is done at steady state and accumulations are allowed only at the buffers. The losses due to leakage have been ignored at the current state of the model. The system is represented as an LP problem and different solutions, corresponding to different scenarios, e.g. Mars mission, ISS mission and Lunar mission, are obtained by changing the preference factors within the objective function, which are parameters to the model.
Using parametric analysis the model is validated qualitatively as presented in the proof of the concept studies. The outcomes are found to be informative and intuitive in more than one instance of the model. Based on this study, the model is proved to represent the 0 th order system interactions without assuming a specific technology. It is capable of capturing the system wide impacts of changes both in the efficiencies of the waste recovery of DNEM and DSW, and in the efficiency of the water recovery confined in the mission scenario encoded by preference factors.
The model is capable of representing different scenarios and estimating system wide impacts of those scenarios by adjusting model parameters only. Additionally, it is possible to change the diet properties and consequently the hypothetical crop properties to investigate the effect of such changes on the system. In this paper, the model is used with preference factors for demonstration and proof of the concept purposes only. However, the model can be validated using real data. The preference factors can be replaced with costs of re-supply, inventory and area (cost of crop production per area) which may be estimated based on equivalent system mass. Note that such an analysis will capture power and crew time costs and the model will be able to asses the tradeoffs between certain options based on more concrete foundations. Moreover, parametric sensitivity analysis may be performed on the objective function coefficients, i.e. costs in this case, may reveal additional information to identify the breakeven points in a given scenario. For this reason, one of the future directions is to work with experienced ALS researchers to identify and obtain or create, if not already available, several benchmark test problems. Such a test library will establish a common comparison and validation basis for the models regardless of the detail incorporated to a model.
Another future direction is adding the time component to the model which will capture the dynamics of the system without changing the detail level of the model too much. In this way, more accurate growth models for crops and human interface can be incorporated. Even though this steady state model uses daily average values for crop growth and estimates daily growth area based on these average values, this can be viewed as an extreme case of staggered crop production approach with a frequency of one day and hence can be argued that it captures the dynamics of the crop growth. Without any doubt, a more robust approach is needed to capture system dynamics to perform a comprehensive analysis.
The same strategy presented in this work can be repeated to add energy balances, to add more components and to enrich the subsystems to capture the technology specific characteristics more accurately, i.e. better than an efficiency factor can reveal.
